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Abstract . Dielectric Permittivity ( c '  ) and dielectric loss ( e "  ) of pyridine, chlorobcn/cnc. ben/ophenonc, p-nuoioamlinc and inixtuics of 
pyndine 4 p-ttuoroanilinc, chlorobenzene 4 p-fluoroanihne and benzophenonc 4 p fluoroaniline have been measured at three diffeient microwave 
liequencics 7 22, 9 1. 19 61 GHz at M Y V  in benzene solution The static permittivity at 455 KHz and refractive index were ulsc» measured The most 
piobable relaxation time ( t )^ and distribution parameter (ex) have been determined from measured data using Cole-Cole method of analysis The 
presence of inlermolecular association through hydrogen bonding (N-H— N) was observed in the mixture of pyridine p-fluoroaniline The dielectric 
data for p-fluoroaniline and mixtures were analysed in terms of two relaxation limes r, and
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1. introduction
R elaxation  param eters o f  po lar liq u id  m ixtu res are a ffec ted  by 
several factors c.j?. the relaxation  tim e o f  ind ividual com ponents, 
their d ip o le  m o m en ts  and in teraction  b etw een  them . M adan [ I - 
5] studied  .some rigid  polar m o le c u le s  and their m ixtures in dilute  
so lu tio n s and fou n d  that in m ix tu re  po lariza tion  order d eca y s  
e x p o n e n tia lly  ju s t  as it d o e s  for s in g le  co m p o n en t sy s tem . 
D ielec tr ic  m ea su rem en ts  carried  out b y  Prakash and Rai | 6] for  
m ixtures o f  a n ilin e  -f n itro b en zen e  at m icro w a v e  freq u en cies  
su g g ested  that the re laxation  tim e o f  m ix tu re is in flu en ced  by  
the p resen ce  o f  co m p o n e n t w h ich  has larger va lu e o f  relaxation  
time. Interm olecu lar assoc ia tion  in polar liquid m ixtures has been  
reported by sev era l w ork ers by  re laxation  as w e ll as d ip o le  
m om en t stu d ies  [ 7 - 13 ]. W e stu d ied  m ix tu res o f  o -ch lo ro a n ilin e  
w ith  n itro b en zen e  and  b e n z o n itr ile  w ith  a n ilin e  in b en zen e  
so lu tio n  at d if fe r e n t  tem p e r a tu r e s  (a t a s in g le  m ic r o w a v e  
freq u en cy) and fo u n d  that there is  so lu te -so lu te /so lv e n t typ e  
o f  in teraction  at lo w  co n cen tra tio n  o f  a n ilin es [14 ,15J . W ith  a 
view  to  gain  m ore inform ation in this area» w e carried out d ic lecu ic  
m easu rem en ts on  p y r id in e , c h lo ro b en zen e , b en zo p h en o n e , p- 
f lu o r o a n il in e  an d  m ix tu r e s  o f  p y r id in e  -f p - f lu o r o a n il in e ,
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chlorobenzene 4- p-fluoroaniline and benzophenone -f p- 
fluoroaniline at tluee different microwave frequencies in benzene 
solution at room temperature and the results arc reported in this 
paper.
2, Experimental details
P yrid ine (A R  grad e) su p p lied  by Sd  F in ech ein  Ltd. (India), 
c h lo r o b e n /e n e  (A R  grade) su p p lied  by Si.sco Re.scarch Lab  
(In d ia ), b e n /o p h e n o n e  (p u r iss  for  s y n t h e s is )  su p p lie d  by  
Spectrochem  Pvt. Ltd. (India) and p -flu oroan ilin e (for syn th esis) 
su p p lie d  by M erck  (G e r m a n y ) w ere  u sed  w ith o u t further  
purification . B en zen e  (A R  grade) su p p lied  by Q u aligcn s (India) 
w as used  after fractional d istilla tio n , l l i e  m ixtures o f  pyrid ine 4* 
p - f lu o r o a n i l in c ,  c h lo r o b e n z e n e  +  p - f lu o r o a n i l in e  an d  
b en zo p h en o n e  -i- p -flu o ro a n ilin e  w ere  prepared by tak ing polar  
co m p o n en ts in equal m o le . T h ese  m ix tu res w ere taken as so lu te  
and  a d d ed  to  n o n -p o la r  s o lv e n t .  F iv e  d ilu te  s o lu t io n s  o f  
pyrid ine, ch lo ro b en zen e , b en zo p h en o n c , p -flu oroan ilin e and the 
m ixtu res w ere prepared by u sin g  b en zen e  as non -p o lar so lv en t.
T h e d ie lec tr ic  p erm ittiv ity  (e') and d ie lec tr ic  lo s s  (e") at 
three d ifferent m icro w a v e  freq u en cies 7 .2 2 ,9 .1 ,1 9 .6 1  G H z w ere  
d eterm in ed  by the m eth o d  s u g g e s te d  by H esto n  et at \\(>],
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ad o p ted  for  short c ircu ited  term in ation . T h e static  p erm ittiv ity  
£ q at frequency  4 5 5  K H z w a s determ ined  by resonance m ethod , 
w h ic h  u se s  a tu n ed  o sc i lla to r  c irc u it and standard v a ria b le  
capacitor , w a s taken  as a square o f  refractive  in d ex  w h ich  
w a s m easu red  by A b b e's  refractom eter. A ll the m ea su rem en ts  
w ere  carried ou t at 30^C and the tem perature w a s co n tro lled  
th erm osta tica lly  to  w ith in  ±  0.5®C.
3. Results and discussion
T h e s lo p e s  a \  a ' \  d eterm in ed  by p lo ttin g  the m easured  
v a lu es  o f  and a g a in st w e ig h t fraction  o f  so lu te
in so lu tio n  for  s in g le  co m p o n en t and their binary m ix tu res at 
d ifferen t freq u en c ie s  arc lis ted  in T able 1. a "  has b een  p lo tted  
a g a in st a'  on  c o m p le x  p lan e  to  ev a lu a te  the m o st prob ab le  
re la x a tio n  tim es (T q) . Fairly sm o o th  cu rv es c o u ld  be draw n
and benzophenone are presented in Table 2. The values o1
relaxation time increase with the size of molecule and arc in
Figure 2. Plots of a "  v e r s u s  a '  for p-fluoroanihne (O), mixtures of pyndiiie 
+ p-fluoroaniline ( □  ), chlorobenzene + p~fluoroaniline (A) and 
benzophenone 'h p<fIuoroaniline (x) in benzene solution
Table 1. Values of slopes a ^ ^ , a \ a "  and of single component as well as iheir binary mixtures in 
benzene solution at different frequencies at 30‘*C
Frequency
455 KHz 7.22 GHz 9.1 GHz 19.61 GHz Optical
Substance «« a ' ti" a ' a " a ' a ”
Pyridine 6.87 6.67 1 10 6 .50 1 50 5 85 2 40 0 07
Chlorobenzene 2 43 2.23 0.63 2 10 0 74 1 50 I.IO 0.15
Benzophenone 5 87 4 50 2.36 3.58 2 .70 1.70 2 37 0.3.5
p-Fluoroaniline 6.59 5 83 1 68 5.50 2.05 4 54 2 48 0 15
Pyridine + 
p-Fluoroaniline 7.55 6.75 2.09 6 25 2.38 4 50 3 08 0 19
Chlorobenzene + 
p>Fluoroaniline 4 92 4.58 1.14 4 .25 1 50 3.28 2 10 0.19
Benzophenone + 
P'Fluoroanihne 6.25 5.40 2.00 5 10 2.30 3 63 2 70 0 29
p a s s in g  th r o u g h  th e  e x p e r im e n t a l  p o in t s .  F o r  p y r id in e ,  
ch lo ro b en zen e  and b en zo p h en o n e  a D e b y e  ty p e  p lo t w ith  cen ter  
on  the x~axis is o b serv ed  (F igu re  1), w h erea s for p*fluoroan ilinc  
and for m ixtu res a  C o le -C o le  ty p e  o f  p lo t w ith  cen ter  b e lo w  x-
Figure 1. Plots of a ' ‘ v e r s u s  a ’ for pyridine (O), chlorobenzene (A) and 
benzophenone ( □ )  in benzene solution.
axis is observed (Figure 2). The m ost probable relaxation time 
(Tq ) and distribution parameter ( a )  for pyridine, chlorobenzene
c lo s e  a g r e e m e n t w ith  litera ture v a lu e s . T h e zero  v a lu e s  ol 
distribution  param eter (a)  for th ese  m o le c u le s  su g g est a sim ple  
D e b y e  ty p e  re la x a tio n  m ech a n ism  for th ese  sy s tem s, w h ich  is 
u su a l b e h a v io r  o f  r ig id  p o la r  m o le c u le s .  In co m p a r iso n  to 
p y r id in e , c h lo r o b e n z e n e  an d  b e n z o p h e n o n e , le s s  d a ta  is 
a v a i la b le  in  l i te r a tu r e  o n  d ie l e c t r i c  m e a s u r e m e n t  o f  p 
flu oroan ilin e . D har et al\22] stu d ied  p -flu o ro a n ilin e  at d ifferent 
tem peratures and 3 cm  w a v e len g th  in b en zen e  so lu tion , the value  
o f  relaxation  tim e for  th is c o m p o u n d  reported  by them  is  5.1 ps 
at 3 0 ‘*C. T h e v a lu es  o f  re la x a tio n  tim e 5 .3  ps (T able 2 )  for  p- 
flu o ro a n ilin e  in the sa m e  so lv e n t and at the sa m e tem perature in 
th e p resen t w o rk  is  in c lo s e  a g r e e m e n t w ith  th eir  v a lu e  o f  
re la x a tio n  tim e . T h e v a lu e  o f  d istr ib u tion  param eter ( a )  for p- 
f lu o ro a n ilin e  (T ab le  2 )  is  f in ite  (0 .2 0 ) . S r iv a sta v a  and V ij [2 3 | 
stu d ied  o -c h lo r o , m -c h lo r o , and  p -c h lo r o a n ilin e s  in b en zen e  
so lu tio n , th ey  fo u n d  f in ite  d is tr ib u tio n  p aram eter fo r  th ese  
m o le c u le s  and  further, th e  d is tr ib u tio n  p aram eter sh o w n  an 
in crea s in g  trend from  o -  to  m - to  p- iso m ers . T h e v a lu e  o f  
d istr ib u tion  param eter fo r  p- c h lo r o a n ilin e  d eterm in ed  b y  them  
at 30®C w a s 0 .2 5 , thus the v a lu e  o f  d istr ib u tion  param eter (a)
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for p -f lu o ro a n ilin e  (0 .2 0 )  in p resen t w ork  appears reasonab le. th ese  param eters arc g iv e n  in T able 3. I'he value o f  relaxation
rhis fin ite va lu e o f  d istribution  param eter ( a ) for p-fluoroanilinc tim e ( T2) is  2.5 ps for p-flu oroan ilin c w h ich  m ay be attributed to
su ggest that there is  m o re  than o n e  relaxation  p ro cesses  in this rotation  o f  -  NH^ group  and is fa irly  in agreem ent w ith  the
sy stem . A s  s u g g e s te d  b y  s e v e r a l w o rk ers , for  a n ilin e  and literature va lu es [2 7 ,2 8 1 .
Table 2. Values of distribution parameter ( a ) , relaxation lime (To) and free energy of activation
{ A F f , )  of the single component as well as their binary mixtures in bcn/.enc solution at 30“C
Substance
Distribution 






( A f )  kCal/Mol
Relaxation 
time in ps 
(Lit values)
Pyridine 0.00 3 7 1 90 .3.8 (ret 17)
3 (ref 18) 
.3 1 (lef SI 
.3 2 (ref 20)
Chlorobenzene 0 00 7 5 2 32 7 8 (ref 19)
7 7 (ref 20)
8 3 (ret 21)
Benzophenone 0 00 14 1 2 70 16 0 (ref 3)
17 4 at 20"C 
(ref 21)
P-Fluoroaniline 0 20 5 .3 2 1 1 S 1 (ref 22)
Pyridine +
P'Fluoroanilinc 0 07 6 6 2 2^
Chlorobenzene +
p-F"'luoroaniline 0 03 6 0 2 19
Benzophenone +
P'I'luoroaniline 0 10 7 S 2 34
this m ay be d u e to rotation o f  -N H ^ group Table 3>. Values ut resolved relaxation times and
around its bon d  w ith  the b e n z e n e  ring, f h is  has a lso  b een  
reflected  in the v a lu e  o f  re laxation  tim e o f  p -flu o ro a n ilin c . T he  
relaxation  tim e o f  f lu o r o b e n /e n c  found by us in our p rev iou s  
stu d ies in b en zen e  so lu tio n  at 3()“C  is 5 .7  ps [241, w h ereas that 
o f  p -fluoroan ilinc in the sam e so lv en t and at the sam e tem perature 
IS 5 .3  ps. A lth ou gh  the m o lecu lar s ize  o f  p -fluoroan iline is greater 
than that o f  flu o ro b en zen e  still its re laxation  tim e is le ss  w h ich  
a lso  s u g g e s t  that th ere  is  an in tr a m o le c u la r  ro ta tio n  in p- 
fluoroaiiilinc. T herefore, the d ielectric  data w as analysed  in term s ■ 
o f  tw o relaxation tim es T j and T2 w here Tj and T2 arc relaxation  
tim es co rresp o n d in g  to o v era ll and group rotations resp ective ly , 
in term s o f  Oq, a \  a"  and the B u d o's [25J eq u ation  can be 
w ritten for tw o  re la x a tio n  p r o c e sse s  as
factors for p-fluoroanilinc and its mixtures with pyridine, chloiobcii/cnc 
and benzophenone in ben/cnc solution at 30‘C
Substance Tj in ps T , in ps r 1 c,
p-Fluoroaniline 20 2 2 5 0 32 0
Pyridine + 
p-Fluoroaniline 16 9 2 3 0 44 0 5 (
Chlorobenzene + 
p-Fluoroaniline 19 4 2 8 0 29 0 71
Benzophenone + 
p-Fluoroaniline 15 0 2 6 0 54 0 46
a ^ 2
1 2 ' 1 2 2
l +  (O^Tj' 1 +  T2
C|fOT] C2^ tyt 2
1 +  0} r2^ 2 . 2 2I +0} TJ
(1)
(2)
w here Cj +  Cj =  1. C j and are re la tiv e  w e ig h ts  contributed  by
each processes to the dielectric absorption as a whole.
Cj and C2 for p-fluoroaniline was determined using the method 
suggested by Bhattacharya et al [26]. The evaluated values of
T h e  v a lu e s  o f  r e la x a t io n  t im e s  o f  th e  m ix tu r e s  o f  p- 
flu o ro a n ilin e  w ith  p yrid in e, ch lo ro b en zen e  and b en zo p h en o n e  
are a lso  p resen ted  in T ab le 2 . It is ev id en t from  the T abic 2  that 
fo r  m ix tu r e s  o f  p - f lu o r o a n i l in e  w ith  c h lo r o b e n z e n e  and  
b en zo p h en o n e the relaxation  tim e o f  m ixtures are nearly average  
o f  the individual value o f  relaxation tim e o f  constituent m olecu les. 
T h is is  m a n ifesta tio n  o f  su p er im p o sed  e ffe c t  o f  the pair o f  tw o  
com p on en ts, the w a v e len g th  o f  the m axim u m  absorption o f  pairs 
ly in g  near to  ea ch  other, thus g iv in g  rise to  a broader s in g le  
relaxation  p eak , th is is  in a g reem en t w ith  our earlier stu d ies for  
m ixtures o f  rigid  polar m o le c u le s  [291.
In the ca se  o f  m ix tu res o f  p y rid in e  +  p -flu o ro a n ilin e , the  
relaxation  tim e o f  the m ixtu re is  6.6 p s (T abic 2 )  w h ile  that o f  its
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c o m p o n e n ts  are 3 .7  p s  (p y r id in e) and 5 .3  ps (p -flu o ro a n ilin e ). 
T h u s, the v a lu e  o f  re la x a tio n  tim e o f  m ixture is  h igh er  than that 
o f  its co m p o n en ts . T h is  in d ica te s  that in teractive  a sso c ia tio n  is  
tak in g  p la ce  b e tw een  p y rid in e  and p -flu o ro a n ilin e  m o le c u le s  
through  N -H — N  typ e  o f  h y d ro g en  bond. S im ila r  resu lts w ere  
ob ta in ed  for  the m ixtu re o f  p y rid in e  +  p y ro le  and p yrid in e  +  
in d o le  in d ilu te  so lu tio n s  by T ridula  e ta l[ \7].
T h e va lu e  o f  d istr ib u tion  param eter (of) for all the three  
m ix tu res in v es tig a ted  is fin ite , but le s s  than the d istr ibution  
param eter o f  p -f lu o ro a n ilin e  ; th is su g g e s ts  that there is  m ore  
than o n e  re la x a tio n  p n x resses in the m ixtu re and further, p- 
f lu o ro a n ilin c  retains its id en tity  in the m ixture. It appears that 
the p resen ce  o f  r ig id  p o lar  m o le c u le s  in the m ixture w ith  p- 
flu o ro a n ilin e , p ro d u ces internal fie ld  su ch  that the m o tio n  o f  -  
NH^ is s lig h tly  restricted . T h e d ie lectr ic  data o f  th ese  m ixtures is  
a lso  an a lyzed  in term s o f  tw o  relaxation  processes. T he relaxation  
lim es  and their con tr ib u tion  w ere  d eterm in ed  by the m eth od  
d escr ib ed  for  p -f lu o ro a n ilin c . T h e ev a lu a ted  v a lu es o f  r , , r , , 
Tj and for the m ix tu res arc a lso  p resen ted  in  T ab le 3. It is  
ev id en t from  the T ab le  3 that the v a lu es  o f  relaxation  tim e for  
group rotation { r  2) m all the m ixtures is o l the sam e order found  
for p -f lu o ro a n ilin e , w h ich  su g g e s t  that the co m p o n en ts  in the  
m ixtures retain their identity.
F ree en erg y  o f  a c tiv a tio n  {A ) ev a lu a ted  u sin g  E yring's  
eq u ation  (3 0 j for s in g le  co m p o n en t as w e ll as that for b inary  
m ixtures is listed  in T able 2. It can  be seen  that in the m ixtures o f  
c h lo r o b e n z e n e  -h p - t lu o r o a n i l in e  a n d  b e n z o p h e n o n e  -fp - 
flu oroan ilin e , the free en erg y  o f  activa tion  lie s  b e tw een  th o se  o f  
its co m p o n en ts , w h erea s in  the c a se  o f  m ix tu re o f  p y rid in e  +  p- 
flu o ro a n ilin e , the a c tiv a tio n  en erg y  is  h ig h er  than th o se  for its 
com p o n en ts, th is a lso  su g g es ts  that there is a c o m p le x  form ation  
in this m ixture.
Acknowledgments
T he authors are thankfu l to  P ro f V  B G o h c l, H ead , D ep artm en t 
o f  P h y s ic s , G ujarat U n iv e r s ity , A h m c d a b a d  for p r o v id in g  
laboratory fa c ilit ie s  and con stan t en co u ra g em en t. T h ey  are a lso  
thankful to P ro f U  C  P an d e, D ep artm en t o f  C hem istry , G ujarat 
U n iv ersity , A h m ed ab ad  for u se fu l d is c u ss io n s .
References
[IJ M P Madan J  M o l  l i q  33 203 (1987)
12] M P Madan C a n  J  P h y s . 65 1573 (1987)
[3] M P Madan J. M o l  L iq , 29 161 (1984)
[4] M P Madan C a n , J. P h y s  58 20 (1980)
[5] M P Madan, M Shelfoon and I Cameron C a n , J  Phy.K. 55 87s 
(1977)
[6] Jai Prakash and Bashisth Rai I n d ia n  J  P u r e  A p p l  P h y s  24 187 
(1986)
[7] Azima L G Saad, Adel H Shafik and Faika F Hanna In d ia n  J  Phys 
72B (5) 495 (1998)
[ 8 ] R Varadarajan and A Rajagopal In d ia n  J  P u r e  A p p l  Phy.s 36 1 ^
(1998)
[9] V Subramanian, B S Bellubbi and J Sobhanadn P r a m a tu i-J  P h w  
41 9 (1993)
[10] A Sharma and D R Sharina I n d ia n  J  P u t e  A p p l .  P h y s  31 841 
(1993)
[11] Nagesh Thakur and D R Sharma In d ia n  J  P u r e  A p p l  P h y s  3H 
328 (2000)
[12] V Madhurimu, V R K Murthy and J Sobhanadn I n d ia n  J  P u tv  
A p p l  P h y s  36 85 (1998)
[13] V Madhuntna, V R K Murthy and J Sobhanadn Indian J Pun- 
A p p l  P h v s  36 144 (1998)
[14] A D  Vyas and V A Rana In d ia n  J  P u te  A p p l  P h  vs 36 21 (19V81
[15] A D  \^as and V A Rana In d ia n  J  P u r e  A p p l  P h ys . 39 316 (2(X)11
116] W M Heston (Jr). A D Franklin, E J Flannely and C P Smyth Am
C h e m  S o c . 72 3447 (1950)
[ 17] Tndulu Gupta. Mradula Chaiihan, S K Saxenu and J P Shukla Ad\ 
M o l R e la . I n te r  P ro i 23 203 (1982)
[18] J Gowriknshna and J Sobhanadri In d ia n  J  P u r e  A p p l  P h ys  22 
599 (1984)
[19j S C  Mitra, S B Misru and N K Mehrotra I n d ia n  J P u r e  A p p l  
P h y s  16 604 (1 9 7 8 )
[20] F F Hanna and Abd-El Nour /  P h y s  ( 'h e m  L e ip 7 i^  246 
(1971)
[21] D H Whiffen T ra n s  F a r a d a y  S o i . 46 130 (1950)
[22] R L Dhat. Neera Sahni and M C Saxena In d ia n  J  P u n  A p p !  
P h y s  11 337 (1973)
[23J K K Snvastava and J K Vij B u l l  C h e m  S ix  J p n  43 2307 (1 )^70)
[24] A D Vyas and V M Vashi&th I n d ia n  J  P u r e  A p p l  P h y s  26 484
(1988)
[25] A Budo P h y s ik  Z  39 706 (1938)
[26] J Bhattacharya, A Hasan, S B Roy and G S Kastha J  P h y s  S<>< 
J p n  28 204 (1970)
[27] S M Khameshara and M L Sisodia A dv. M o l  P e l  Int. P roc , 21 10*^  
(1981)
[281 S M Tucker and S Walker C a n  J. C h e m  47 681 (1969)
[29] A D Vyas. V M Vashisth. V A Rana and N G Thaker /  M o l l u j  
62 221 (1994)
[30] S Olasstone, K Laidlcr and H Eynng T h e  T h e o r y  o f  R a te  P riiessc '^  
(New York . McGraw-Hill) 584 (1941)
